Hardening of fullerite C 60 during temperature-induced polymerization and amorphization under pressure
I. INTRODUCTION
Pressure-induced behavior of aromatic compounds has been the subject of intensive research because of their great importance in both fundamental and applied chemistry. [1] [2] [3] Benzene (C 6 H 6 ), the simplest aromatic hydrocarbon, has delocalized electrons in the π orbital and two-dimensional molecular structure. High-pressure behavior of benzene has been interesting because accession of the neighboring molecules might induce chemical reactions. High pressure behavior of benzene is also an important subject in planetary science. Stability of benzene and formation processes of polycyclic aromatic hydrocarbons (PAHs) in the planetary interior condition affects attentions because benzene and/or PAHs have been found in carbonaceous meteorites, 4, 5 Martian meteorites, 6 and the atmospheres of giant planets and icy satellites, [7] [8] [9] where benzene and PAHs are regarded as formed through abiotic processes.
With compression under room temperature, liquid benzene crystallizes as phase I at 0.07 GPa, which has an orthorhombic structure with a space group of Pbca. A phase transition from phase I to phase II (monoclinic structure, P2 1 /c) is observed at 1.4 GPa. [10] [11] [12] At higher pressures, phase changes of benzene remain controversial. Discontinuity of the compression curve and change of the Raman frequency shifts have been observed at 4 GPa, suggesting a phase transition from phase II to phase III. [13] [14] [15] At 11 GPa, a second-order transition to a new phase (phase III') was suggested by the changes in pressure dependence of the lattice parameters, 14 a) Author to whom correspondence should be addressed. Electronic mail:
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frequencies of the Raman and IR peaks, 14, 16 and Raman peak width. 15 In contrast, Ciabini et al. reported that there was no phase transitions above 4 GPa, and reported that phase II is stable until around 21 GPa, as inferred from XRD and infrared absorption spectra. 12 At pressures higher than around 21 GPa, another phase change was reported, 14, 15, 17 lately it was revealed as an irreversible chemical change to form amorphous hydrogenated carbon (a:C-H). 12, 18, 19 Pressure-induced dimerization and polymerization of benzene were predicted in addition to the structural changes and the amorphization of benzene. Theoretical calculations have indicated that dimerization of benzene through cycloaddition reaction occurred in high-pressure conditions, and that several molecular structures of the benzene dimer were expected. [20] [21] [22] [23] [24] Root and Gupta predicted that some benzene dimers formed even at lower pressure than that of the amorphization. 25 An X-ray Raman study suggested polymerization and/or dimerization of benzene under high pressure, 26 although the species and amounts of the polymerized hydrocarbons were not evaluated along with its pressure dependence. Formation of various PAHs from benzene was reported under high pressure and temperature by shock experiments, in which the recovered samples were measured using mass spectroscopy coupled with gas chromatography (GC-MS). [27] [28] [29] In the shock experiments, both pressure and temperature were changed with the change of projectile velocity so that it is difficult to distinguish between effects of pressure and temperature on oligomerization. To investigate the effect of pressure to the oligomerization of benzene, high-pressure experiments at static compression and at room temperature are necessary.
This study investigated pressure-induced oligomerization of benzene from high-pressure experiments at room temperature. Trace amounts of reaction products are identified and quantified with high-pressure experiments followed by precise analysis of the recovered samples using GC-MS.
II. EXPERIMENT
Liquid benzene was used as a starting material of highpressure experiments. The reagent benzene (99.5% purity, Kishida Chemical Co., Ltd.) was distilled before the high pressure experiments, thus the purity of liquid benzene should be higher than 99.5%. To obtain an adequate sample quantity for GC-MS analysis, we used a large-volume opposedanvil type pressure apparatus instead of a diamond anvil cell, which is often used in high-pressure experiments involving benzene. [14] [15] [16] [17] [18] [19] 26 High-pressure experiments using an opposed-anvil type pressure apparatus with double toroidal anvils were conducted using two high-pressure equipments: MAX-III at NE7 beamline of Photon Factory-Advanced Ring (PF-AR), High Energy Accelerator Research Organization (KEK), and CAPRICON at Institute for Solid State Physics, The University of Tokyo. A pair of double toroidal anvils was used, in which center part was made of sintered diamond surrounded by tungsten carbide and a binding ring made of stainless steel (Fig. 1 ). An encapsulating gasket of stainless steels (SUS303 or SUS304) was used to prevent the release of the liquid sample. 30 The sample chamber volume was about 9.4 mm 3 . We first obtained pressure-load behavior of the opposedanvil type pressure apparatus. Sodium chloride powder for the pressure maker was loaded into the sample chamber with liquid benzene. In situ XRD measurements were conducted under high pressure using a synchrotron X-ray beam at the NE7 beamline of PF-AR, KEK. A white X-ray beam was irradiated horizontally at the sample through the gasket. The X-ray diffraction patterns of NaCl in the sample chamber were obtained with a pure Ge solid-state detector through the receiving slits. The two theta angles of the diffraction were about 6
• . A typical exposure time for each measurement was approximately 300 s. The pressure was determined from one to four diffraction lines of NaCl (i.e., hkl: 222, 400, 420, 422) using the equation of state of NaCl.
31 Figure 2 shows plots of load versus pressure of the sample in five runs. Differences of pressure among runs were observed remarkably below 50 tonnes. It might result from the difference of the initial occupancy of benzene in the sample chamber between the runs. Above 50 tonnes, differences in pressure among runs converged within about 0.5 GPa. The maximum pressure was approximately 16 GPa at an applied load of 130 tonnes.
In total, seven experimental runs were conducted without the X-ray beam with maximum pressures of approximately 5 GPa (40 tonnes), 10 GPa (80 tonnes), 13 GPa (103 tonnes), and 16 GPa (130 tonnes) with preservation times at the maximum pressure of 1 h and 45 h (see Table I ). Blank data were obtained from the sample after negligibly low compression at 10 tonnes for 1 h. The molar yields of naphthalene and biphenyl from the blank experiment were 0.2 μmol/mol and the amounts of benzene dimers, terphenyl isomers, and other PAHs are under the detection limit. Samples were decompressed to ambient pressure in about 30-60 min and recovered into distilled dichloromethane (CH 2 Cl 2 ) (5 mL) with the encapsulated gasket to prevent release of the run products. Then, we extracted run products from the encapsulated gasket by breaking the gasket in distilled dichloromethane. The reaction products were identified and quantified using GC-MS (JMS-K9; JEOL Co.) equipped with a capillary column (0.25 mm i.d. × 30 m, 0.25 μm film thickness, HP-5; Agilent Technology Co.). The GC column temperature was operated as follows: maintained at 50
• C for 3 min, then increased from 50
• C to 225 • C at 3.5
• C/min, followed by an increase to 325
• C at 5 • C/min, then it was finally held at 325
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Representative mass chromatograms of m/z = 87 + 128 + 154 + 156 recovered from 5 GPa, 10 GPa, 13 GPa, and 16 GPa (run 1, run 3, run 5, and run 6, respectively). Peak intensities were normalized by the intensity of peak 7 which is a peak from an internal standard (m/z = 87, C12 methyl ester). A peak at the left side of peak 7 was not assignable to a hydrocarbon. and 6, respectively). From the samples recovered from 5 GPa and 10 GPa, peaks were rarely observed except for those of the internal standard, C12 methyl ester (peak 7), which indicates that the pressure-induced reaction hardly occurred at these pressures. On the other hand, several peaks were clearly observed from the sample recovered from 13 GPa. The peak intensity increased notably at 16 GPa. Figures 4(a) and 4(b) show mass spectra (MS) of the fractions corresponding to peak 1 and peak 5 in Fig. 3 , which had m/z = 128 and 154, respectively. These materials can be identified clearly as naphthalene and biphenyl, respectively, by the retention time of the chromatogram and the mass spectra (Figs. 4(a) and 4(b) ). In addition, three structural isomers of terphenyl (o-terphenyl, m-terphenyl, and p-terphenyl) were detected above 13 GPa. In addition to the soluble reaction products detected by GC-MS, a white insoluble suspension was observed in the samples recovered from 16 GPa (run no. 6, 7), which was regarded as heavier hydrocarbon(s), although it was not identified. In addition, pressure-induced dimerization of benzene was investigated. Figure 5 shows MS of peak 3, peak 4, peak 6 in Fig. 3 , all of which have m/z = 156. We compared the mass spectra of the products with that from a dataset (NIST 02) installed in the GC-MS to estimate the chemical structure of the run products. These spectra are similar to those of benzene dimers such as phenyl-cyclohexadiene isomers (C 12 H 12 ), although the spectra clearly differ from those of other aromatic hydrocarbons such as dimethylnaphthalene and ethylnaphthalene whose molecular weight is also 156. The molecular structures of the pressure-induced benzene dimer were predicted by the theoretical calculations. [20] [21] [22] [23] [24] However, chromatograms of the expected benzene dimers were not revealed because these dimers were not commercially available. Consequently, the structures of the present benzene dimers were not completely identifiable. To reveal exact molecular structure, additional analysis is necessary using such as NMR. However, the quantity of the present recovered samples is too small to isolate from each run products and assign the each molecular structure. Figure 6 shows MS of peak 2 in Fig. 3 , which has m/z = 154. From comparison with the dataset, the possible molecular structure of the run products is estimated and shown in the upper right of Fig. 6, with J 
Mass spectra of (a) naphthalene (peak 1 in Fig. 3 ) and (b) biphenyl (peak 5 in Fig. 3) with that of the reagent as standard. chemical composition of C 12 H 10 . The structure is similar to that of a benzene dimer, as predicted from a theoretical study, 24 even though two hydrogen atoms are released. These results suggest pressure-induced dimerization of benzene above 13 GPa as well as formation of naphthalene, biphenyl, and terphenyl. Table I shows the molar yields of run products (μmol of products/mol of remained benzene in products). Quantification was conducted in two ways depending on the product. Quantification of biphenyl, naphthalene, o-terphenyl, mterphenyl, and p-terphenyl was conducted as follows: we first obtained a response factor of each material relative to the internal standard (C12 methyl ester) by measuring the peak area integration of the reagents of each materials and C12 methyl ester. Then, we quantified each run product from the peak areas on the chromatogram of the recovered samples relative to those of internal standards added to the samples. However, for quantifying the benzene dimers from the peak areas on the chromatogram, we used the response factor of biphenyl, whose structure was regarded as similar to that of the benzene dimers, because of a lack of the reagents of the benzene dimers. At 5 GPa and 10 GPa, trace amounts of naphthalene and biphenyl were detected, which is consistent with molar yields of naphthalene and biphenyl of the blank data (0.2 μmol/mol) in degree. At 13 GPa, molar yields of run products were detected clearly. Major reaction products are biphenyl > naphthalene > benzene dimers (total of three isomers) above 13 GPa irrespective of the preservation time and pressure (Table I ). Figure 7(a) shows the molar yields of naphthalene and biphenyl as a function of pressure, indicating that the yields increase concomitantly with increasing pressure. The same trend was also observed in terphenyl isomers and the benzene dimers. We also analyzed run products of recovered samples that had been irradiated with X-ray. Biphenyl was clearly detected from the recovered sample from 4.3 GPa, as well as trace amounts of naphthalene, terphenyl, and benzene dimers. Formation of biphenyl is likely to be induced by X-ray radiation into benzene.
At pressures less than 10 GPa, trace amounts of biphenyl and naphthalene were detected irrespective of the preservation time at maximum pressure. A significant relation between the yields of run products and the preservation time was not clarified (Table I) . On the other hand, the yields of the biphenyl and naphthalene increased in duration from 1 h to 45 h at 16 GPa (Fig. 7(b) ). The same trend was observed in other run products such as the terphenyl isomers and the benzene dimers (Table I) . The oligomerization progressed from 1 h to 45 h. Therefore, the yields of the run products increased concomitantly increasing the preservation time.
IV. DISCUSSION
The present study clarified pressure-induced behavior of benzene up to 16 GPa at room temperature with GC-MS measurements. The pressure-induced products changed notably depending on pressure: oligomerization reactions of benzene to form benzene dimers, biphenyl, naphthalene, and terphenyl isomers were observed after the compressions above 13 GPa, although only trace amounts of biphenyl and naphthalene were observed after compression below 10 GPa. This study showed that partial oligomerization of benzene occurs to form PAHs eventually in a pressure range that is notably lower than the pressures at which amorphization occurs. The oligomer- ization progresses subsequently, thus most of benzene remained and coexisted with the PAHs even above 13 GPa (Table I) . In the present study, several isomers of benzene dimer were observed. Pressure-induced dimerization of benzene was predicted by the theoretical calculations, [20] [21] [22] [23] [24] and several molecular structures were indicated. The molecular structure of one of them is similar to a dimer observed in the present study (Figure 6 ), which has the lowest activation energy among the predicted pressure-induced dimers. 24 The present experimental results suggested that pressure-induced dimerization of benzene occurred as previously suggested: a pair of benzene molecules is likely to be dimerized through the cycloaddition reaction when the intermolecular distance between benzene molecules shortens and the intermolecular interaction exceeds the reaction threshold. 19, [21] [22] [23] [24] Formation of biphenyl and naphthalene was observed in addition to the benzene dimers, indicating that dimerization of benzene molecules occurred with release of hydrogen atoms maintaining aromatic character. In addition to the dimerization, formation of terphenyl, which consists of three benzene rings, was observed. At 16 GPa, a white insoluble suspension was observed, which is regarded as a heavier hydrocarbon(s). These results suggest that heavier PAHs formed thorough the reaction of several benzene molecules as well as the dimerization.
The oligomerization occurred locally and most of benzene was remained. It is suggested that the neighbor distance of the benzene molecules varies in the solid crystal and fluctuates by thermal vibration. Therefore, the dimerization did not occur all at once as suggested in the amorphization. 19 Results of this study showed that yields of PAHs increased concomitantly with increasing pressure (Fig. 7(a) ), implying that the possibility of the production of the PAHs increased when the average intermolecular distance of benzene decreased along with the compression. Then amorphization occurred above around 21 GPa when the neighbor distance of the benzene molecules exceeded the threshold of the reaction distance of the amorphization, which is around 2.6 Å. 19, 25 The present oligomerization is regarded as a precursory phenomenon of the amorphization, which is reported above approximately 21 GPa. 12, 14, 15, [17] [18] [19] Oligomerization was observed at pressures higher than 13 GPa, which is close to the pressure at which a second-order phase change from phase III to phase III' occurs. [14] [15] [16] The formation of the pressure-induced products might be related to the phase change of benzene. For example, the intermolecular distance of a pair of benzenes might change discontinuously with the phase transition and trigger the oligomerization of benzene. It might also be true that the partial oligomerization occurs at first and local strains are introduced to the remaining benzene crystals, which triggers the phase transition of benzene.
Formation of PAHs from benzene was also reported from shock experiments in which both pressure and temperature changed dynamically. [27] [28] [29] Formations of biphenyl, naphthalene, and terphenyl isomers were observed from the shock experiments as well as the present static experiments, even though the pressures are lower than those of this study. On the other hand, some PAHs that have a methyl function, such as methylbiphenyl and methylnaphthalene, were observed only in the shock compression experiments. In the present static compression above 13 GPa at room temperature, neighbor benzene molecules polymerized through cycloaddition reaction, whereas destruction of the benzene structure to form methyl functions occurs as well as the cycloaddition reaction in shock experiments on benzene. The remarkable difference is likely to be induced by the effects of temperature.
V. CONCLUSIONS
High-pressure experiments of benzene were conducted at room temperature using an opposed-anvil type pressure apparatus. The maximum pressure was approximately 16 GPa. Samples recovered from the compressions at pressures greater than 13 GPa contained several isomers of benzene dimer together with biphenyl, naphthalene, and isomers of terphenyl. The pressure is approximately consistent with the phase change from phase III to phase III' proposed by previous XRD and spectroscopic studies, implying some relation between the oligomerization and the phase change.
The amount of the reaction products increased concomitantly with increasing pressure up to 16 GPa, whereas benzene remained, indicating that the possibility of the oligomerization increased with the approach of the neighbor benzene molecules with compression. Results suggested that the oligomerization progressed when the neighbor distance of the benzene molecules exceeded the threshold of the reaction distance, triggered by fluctuation of the molecules. Run products from the static compression at room temperature were differed to a notable degree from those obtained shock compression experiments. That difference might be induced by the effects of temperature.
